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Summary 


The  report  presents  extensive  measurements  of  (number 
average)  molecular  weights,  yields  and  rates  obtained  in  the 
polymerization  of  styrene  by  perchloric  acid  in  solution  in  methylene 
chloride  over  the  wide  temperature  range  0°C  - — 97  C, 

They  show  that  the  polymerization  changes  its  kinetic 
pattern  as  the  temperature  is  reduced  and  that  the  following  well- 
defined  characteristics  can  be  recognised  in  different  regions. 

(1)  At  -97°  a  ’flash’  polymerization,  producing  only  a 
definitely  limited  yield  of  polymer,  of  M  corresponding 
to" one  chain  per  initiator,  i.e,  no  transfer  reactions 

are.  involved,  The  M  values  obtainable  are  correspondingly 
limited  and  low  (<3.0,000)  but  the  distributions  are  very 
wide  (M ■v/®n~20), 

(2)  At'  intermediate  temperatures,  e.g„  -78°  to  -30°,  a  iwo 
stage  reaction  of  which  Stage  I  is  similar  to  the  above, 
and  is  followed  by  Stage  II,  a  stationary  polymerization. 
Transfer  reactions  become  appreciable  but  apart  from  this 
complication  the  polymerizations  have  the  character  of  a 
living  polymerization,  i.e.  M  increases  with  conversion 
and  is  inversely  proportional  to  initiator  concentration. 

(3)  Above  -30°  -  a  conventional  transfer  dominated  stationary 
polymerization  in  which  decreases  with  conversion  and  is 
virtually  independent  of  initiator  concentration. 

An  inert  perchlorate  salt  nBu.NClO,  causes  severe 
reduction  of  the  Stage  I  yields  and  partial  reduction  of  the  Stage  II 
rates,  indicating  that  free  carbonium  ions  are  the  main  propagating 
species  in  Stage  I  and  two  species  act  in  Stage  II, 
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1.  Objectives  and  Scope  of  this  Report 


General  Objective 

Polymerization  by  the  cationic  mechanism  has  in 
principle  a  very  ’.vide  relevance,  because  of  the  great  number  of 
susceptible  monomers  and  the  potentialities  of  flexible  control 
through  the  different  activities  of  the  vzide  spectrum  of  initiators, 
the  acids  and  Friedal  Crafts  catalysts.  In  practice  the  potential¬ 
ities  have  not  been  extensively  realised  on  the  industrial  scale 
(with  the  exception  of  isobutene  -  Butyl  Rubber), 

The  short-term  reason  for  this  lack  of  success  has  been 
that  empirical  investigations  have  not  found  ways  of  overcoming  the 
characteristic  disadvantage  of  this  class  of  polymerizations  -  that 
the  polymers  tend  to  have  very  low  molecular  weights.  The  deeper 
reason  is  that  no  satisfactory  general  theoretical  framework  yet 
•exists  which  can  describe  the  polymerizations  5n  adequate  detail. 

Thus  it  has  not  been  possible  to  demonstrate  (as  distinct  from 
infer)  the  cationic  nature  of  the  propagating  species:  the  overall 
kinetic  pattern  is  usually  not  known  with  any  assurance,  nor  are  the 
specific  factors  which  limit  the  molecular  weights. 

The  chief  limitation  on  previous  fundamental  studies 
in  this  field  has  been  that  (usually  for  good  experimental  reasons) 
it  has  not  been  possible  to  obtain  both  rates  anc  molecular  weights 
over  a  sufficiently  wide  range  of  temperatures,  and  that  any  mole¬ 
cular  weights  obtained  were  usually  not  number  average  values,  and 
hence  were  of  limited  use  for  kinetic  deductions.  The  objective  of 
the  present  research  was  therefore  to  obtain  this  type  of  data  in  the 
greatest  possible  detail  over  the  widest  temperature  range,  and  to 
thi3  purpose  the  system  chosen  v/as  perhaps  the  most  reproducible 
cationic  polymerization 

Styrene  -  HCIO^  -  CHgClgj  25°  tc  -97°C 
Scope  of  this  Report 

Apart  from  a  f ew  results  obtained  with  the  related 
mcnomer.8  a  Methyl  styrene  and  2:4:6  Trimethyl  styrene,  this  report 
describes  the  yields,  rates  and  molecular  weight sQfound  inQthe 
styrene-perchloric  acid  polymerization  between  25  and  -97  and  leads 
to  a  virtually  complete  understanding  of  this  system.  It  reveals  the 
following  novel  features 

l)  A  ’flash'  polymerization  at  very  lov;  temperature 

2.)  An  'intermittently  living'  polymerization  at  inter¬ 
mediate  T  ()>  -80  )  becoming  progressively  less  ideal 
(affected  by  transfer)  as  T  rises 

3)  A  demonstration  (through  a  'perchlorate  salt  effect') 
that  free  ionic  species  dominate  the  propagation  in 
the  'flash'  polymerization,  and  play  a  partial  role  at 
all  temperature So 


2.  Experimental  Methods 

Polymerization  rates  were  measured,  and  polymer 
specimens  obtained  by  a  simple  isolation  method  in  which  samples  of 
the  reacting  mixture  were  blown  at  intervals  from  the  reaction 
vessel  into  a  !killing  solution’,  Tho-  reaction  vessel,  a  pyrex 
cylinder,  ^  35  on  x  7  on  diameter,  carried  standard  socket  ports 
for  the  introduction  of  reagents,  and  for  the  mounting  of  a  sample- 
expulsion  tube,  a  thermistor  well,  and  a  cOntral,  2  cm  diameter, 
tube  with  a  fragile  bottom.  In  normal  operation,  monomer  and 
solvent  were  placed  in  the  reaction  vessel,  and  catalyst  solution 
in  the  central  tube,  these  filling  operations  being  conducted 
under  dry-nitrogen  cvunterflow.  After  the  reagents  had  reached 
thermostat  temperature,  the  catalyst  vessel  was  broken  by  releasing 
a  heavy  glass  beaker  and  the  reagents  mixed  by  rapid  dry-nitrogen 
bubbling.  The  usual  scale  of  experiment  involved  -~'100  ml  af 
solutions:  for  this  volume  the  estimated  mixing  time  was  /vl  second, 

Styrene  and  solvents  were  purified  and  dried,  and  an- 
hydrous  perchloric  acid  prepared  by  methods  previously  described. 

Weighed  samples  were  collected  in  the  ’killing  solution’ 
(aqueous  methanol  -  CHgClg),  the  solvents  and  monomer  removed  by 
steam  distillation  and  the  polymer  filtered  and  dried  to  constant 
weight  in  a  vacuum  oven  at 40°G.  Samples  for  molecular  weight 
determination  we re  further  purified  by  freeze-drying  from  benzene 
under  high  vacuum.  Number  average  molecular  weights  were  deter¬ 
mined  in  benzene  at  25°  by  vapour-pressure  osmometry. 

Except  where  otherwise  stated,  all  polymerizations 
were  carried  out  using  the  solvent,  methylene  chloride,  and  mostly 
in  dilute  solution,  with  styrene  jfo  by  volume  =  0.435  mole  per 
litre. 


L.  D.C.  Pepper  &  P.J.  Reilly,  P^*.o,  Roy.  Soc.  A,  291, 'ifcl  (1966) 
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Results 


All  results  are  collected  in  the  Appendix  in  the 
form  of  table s  which  shew  for  the  various  experimental  conditions 
the  following  direct  or  derived  information: 


(1)  Percentage  yield  of  polymer  -  or  its  fractional  form 
Y  =  AM/Mq  where  M  =  [Styrene] 

(2)  The  derived  first  order  integrated  conversion  function  X, 
X  S  ln(Mo/M.)  5  ln(i  -  Y)-1 

(3)  The  number  average  molecular  weight  of  the  sample,  M 

(A)  The  derived  degree  of  polymerization  Pn  =  M^/LOA 

(5)  The  calculated  number  of  polymer  chains  forme_d  per 
•initiator  (c),  n  5  AM/(C0.Pn)  S  r*Mc/(CoPn^ 


The  empirical  relationships  indicated  by  the  results  are 
set  out  below,  illustrated  by  appropriate  figures,  together  with 
brief  explanations,  comments  and  interim  deductions. 


5,1  Kinetic  Patterns  at  Different  Temperatures 


Previous  investigations  of  the. polymerization  of  styrene  \ 
by  perchloric  acid  in  ethylene  dichloride-1 2'  and  in  methylene  chloride ^ , 
in  the  region  of  room  temperature,  have  lound  very  simple  overall 
kinetics.  Between  25°C  and  -30°C  HCIO^  induces  a  rate  of  polymerization, 
found  to  be  accurately  of  the  first  order  in  [ styrene J jand  zero  order 
in  [KCIO^]  with  the  observod  first  order  rate  constant  proportional  to 
the  initial  concentration  of  the  initiator  [HC10^]q,  i.e. 

-dM/dt  =  k[iIC104]oMt 


or  in  integrated  form 

X..  5  InCM/^j.)  =  ln(l  -  Yt)"1  =  kfHClO^.t. 

1,  D.G,  Pepper  &  P.J.  Reilly,  Proc.  Roy.  Soc.  A,  291,  ijJ.  (1966) 

2,  D.C,  Pepper,  Final  report  on  DA  91  591  4217  Sept.1967 


Fig,  2 

Conversions  at  -97° 


!« 


Under  these  condition..  where  is  no  limitation  to  the 
yield;  a  given  charge  of  perchloric  acid  causes  100 %  conversion  of 
the  meremer  and  continues  to  polymerise  any  subsequent  additional 
charges  of  monomer  indefinitely,  i.e.  the  initiator  is  not  consumed, 
or  is  regenerated. 


...  Figure  1  illustrates  this  behaviour  with  plots  of  X-t  atQ 

0  C  and  compares  it  with  similar  plots  for  reactions  at  -60  and  -97 
It  can  be  seen  that  a  quite  different  kinetic  pattern  is  found  at  -97 
and  that  the  behaviour  at  -60  shows  features  of  both  patterns. 

The  characteristic  behaviour  at  -97 °  is  clearly  that  a 
given  charge  of  HCIO^  now  produces  not  a  continuous  rate  but  a 
definitely  limited  yield,  formed  very  rapidly  (<1‘),  and  thereafter 
independent  of  time.  As  shown  in  the  next  section,  the  conversion 
function  X  is  found  proportional  to  [HClO^l,  i.e.  the  yield  itself 
rises  with  [HC10^]q  but  approaches  100$  only  asymptotically. 

The  effect  of  reaction  temperature  on  molecular  weights 
shows  a  converse  trend,  frog  a  complex  pattern  at  room  temperature 
to  a  very  simple  one  at  -97  ,  The  detailed  results  are  therefore 
best  presented  in  a  sequence  starting  with  those  at  the  lowest 
reaction  temperatures. 

3.2  Results  at  ->'?0C 

3.2.1  Effect  of  [H010^]c  on  Conversion  at  ~9“° 

The  detailed  results  collected  in  Table  7  sho w  that  (at 
a  giver  Initial  monomer  concentration,  =  C.455)  the  yields  increase 
with,  but  arc-  not  proportional  to  the  initiator  concentration.  The 
integrated  first  order  conversion  function.  X,  is  however  proportional 
to  [FClO,  ]  as  deicnstnced  by  Fig-  2,  The  mean  value  derived  for 
the  proportionality  constant  (in  X  •  k’CQ)  is 

k'  =  15?  urn  1  at  -97°C  ......... 

1  group  of  earlier  measurements  (Expts  D  107-110)  had  given  higher 
values  of  k'  ranging  between  1?2  and  2i5«  The  reason  for  the  dis¬ 
crepancy  is  net  known,  but  the  lower  value  3.37  is  preferred  as  being 
more  reliable  and  consistent  with  those  found  at  other  monomer  con¬ 
centrations  (para,  3.2.3,  Table  II), 


«*  «• 
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3-2.2  Effect  of  [HGIO,  ]  on  Molecular  Weight  at  -97°C 

if  o 

The  number  average  molecular  weights  fall  with 
increasing  initiator  concentration  in  such  a  manner  that  each 
initiator  molecule  forms  only  one  polymer  chain.  As  col.  (8) 
of  Table  I  indicates,  n  (=  Y.MQ/C  .P  )  is_close  to  unity  in  all 
cases,  i.e.  the  degree  of  polymerization  Pn  has  the  "ideal"  value 
Y.Mq/c  .  The  validity  of  this  general  relationship  is  also 
demonstrated  by  a  plot  of  P  against  Pn  (ideal)  in  Fig.  3.  Since 
the  yield  is  itself  related  to  C  by  equation  (l),  the  overall 
equation  relating  molecular  weight  to  initiator  concentration  is, 
at  -97  C 

(2) 


In  equation  (2)  the  function  in  CQ  has  the  form  that  tends,  in  the 
limit,  to  the  value  of  the  constant  as  C  0.  Hence  the 

results  of  Table  I  indicate  .the  very  interesting  and  unexpected 
conclusion  that  the  polymer  formed  in  such  a  ’flash'  merization 
can  have  only  a  definitely  limited  maximum  degree  of  polymerization 
given  by 

Pn  (lim)  =  k1 .  M0  (k!  of  equation  (l) . (3) 

Tor  the  experimental  conditions  of  Table  I 

Mn  (lim)  =  10k  Pn  =  6200 


3.2.3  The  effect  of  at  -97°C 

The  solvent  CKgClg  is  much  more  polar  (  fc  ^17  at  -97°) 
than  styrene  ((-~3).  Consequently  a  simple  variation  of  monomer 
concentration  introduces  also  a  change  in  the  polarity  of  the  reaction 
medium,  which  is  usually  found  to  influence  the  rate  constants  in 
ionic  polymerizations.  The  experiments  recorded  in  Table  II  there¬ 
fore  compare  the  results  of  a  simple  variation  of  MQ  (columns  k  and  6) 
with  results  in  'dielectrically  compensated'  solutions  (cols.  5  and  7). 
In  the  latter  the  polarity  is  kept  approximately  constant  at  the 
value  corresponding  to  20$  styrene;  80$  CHgClg,  i.e.  the  various 


0 


6  I  Conversions 


solutions  contained  x$  styrene,  (20  -  x)$  CC1,  and  B0$  CHgCl^  by- 
volume.  The  solvent  CC1,  has  previously  been4found  to  be  a  satis¬ 
factory  compensator  at  room  temperature-^-) . 


It  can  be  seen  from  Table  II  and  Fig.  4  that  the  yields 
and  conversion  constants.  k'(SX/Co),  fall  with  increasing  monomer 
concentration  in  uncompensated  solutions.  In  the  'compensated' 
solutions  no  trend  is  found,  and  it  can  be  concluded  that  the 
conversion  constant  k'  is  a  true  rate  constant  (or  function  of  rate 
constants)  and  has  no  explicit  dependence  on  Mq,  though  it  does 
decrease  with  the  decreases  in  polarity  of  the  system  consequent  on 
increases  in  the  proportion  of  the  non-polar  monomer  present. 


Columns  8  and  9  of  Table  II  show  that  while  the  mole¬ 
cular  weights  from  uncompensated  and  compensated  solutions  are 
different,  the  differences  arise  simply  from  the  differences  in 
yields,  and  that  n,  the  number  of  chains  per  initiator,  remains 
unity  in  all  cases.  Fig.  3>  which  illustrates  this  conclusion, 
contains  points  corresponding  to  both  compensated  and  unccnpensa- 
systems. 


3.2.4  Effect  of  Tetra  n-butyl  Ammonium  Perchlorate  at  -97° C 

o  To  test  whether  the  very  rapid  'flash'  polymerization 
at  -97  was  propagated  by  free  carbonium  ions,  an  investigation  was 
made  of  the  effect  (on  yield  and  molecular  weight)  of  the  salt, 
nBu^NClO^.  This  salt  is  sufficiently  ionized  in  CHgClg  at  -97 
(K?  7  x  j.0-^-)  to  provide  free  CIO,  anions  in  concentrations 

expected  to  cause  appreciable  suppression  of  the  ionization  of 
polymer  perchlorate. 

As  can  be  seen  from  the  results  in  Table  III  very  small 
concentrations  of  this  salt  {<  millimolar)  cause  progressive 
reduction  of  the  yield  and  the  molecular  weight  of  polymer.  Quanti¬ 
tatively,  as  shovm  by  Fig.  the  conversion  function  X,  is  pro¬ 
portional  to  the  reciprocal  of  the  square  root  of  the  salt  concen¬ 
tration,  implying  zero  conversion  at  infinite  salt  concentration. 
Honce  the  results  lead  to  the  conclusion  that  there  is  virtually 
no  non-suppressible  contribution  to  the  polymerization  rate,  i.e. 
that  under  these  conditions  the  polymerization  is  propagated  pre¬ 
dominantly  by  free  carbonium  ions. 


0 
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The  values  of  are  lowered,  but  not  to  an  extent 
expected  fron  the  reduction  an  yield,  if  equation  (2$  of  para. 

3.2.2  were  stil'l  valid.  In  fact,  as  shown  by  col.  7>  Table  III, 
the  number  of  chains  formed  per  catalyst  falls  with  increasing 
salt  concentration,  implying  progressively  less  complete  util¬ 
isation  of  the  initiator.  There  could  be  several  reasons  for 
this  effect,  which  will  be  discussed  later. 

3.3  Results  at  Intermediate  Temperatures  (-77°  - 30°) 

is  previously  illustrated  for  -60°C  in  Fig.  1  the 
typical  behaviour  in  this  region  is  that  the  polymerization  shows 
an  initial  'burst1  of  reaction,  followed  by  a  slow  and  slowly 
declining  rate.  The  integrated  first  order  conversion  function  X 
is  found  to  increase  linearly  with  time  in  the  second  stage 
(Stage  II).  Back  extrapolation  to  t  =  0  permits  evaluation  of  the 
conversion  X.j.  produced  by  Stage  I.  As  the  reaction  temperature  is 
raised,  the  Stage  I  conversions  diminish,  and  the  Stage  .II  rate 
constants  dX/dt  rise  until  at  T  -30  no  Stage  I  can  be  discerned. 
The  following  sections  describe  the  effect  of  initiator  and  per¬ 
chlorate  salt  c  ncentration  on  the  conversion  in  the  two  stages, 

3.3.1  Stage  I  Conversions  , 

0  QFigure  6Qshows  the  effect  of  initiator  concentration 
at  -71  ,  -60  and  -30  .  Over  the  range  of  concentrations  examined 
the  conversions  are  best  described  by  a  simple  proportionality,  as 
found  for  the  total  conversions  at  -97  (Fig.  2).  The  values  of 
the  proportionality  constant,  k' ,  are  collected  in  Table  X,  and 
shown  as  an  Arrhenius  plot  in  Fig,,  7»  There  is  appreciable  quanti¬ 
tative  uncertainty  in  some  of  the  values  (e.g,  bet ween  137  and  190 
at  -97) ,  but  in  general  they  show  a  mutually  consistent  trend  with 
temperature  corresponding  to  a  small  (apparently  negative),  i,e. 
composite  activation  energy  E&  -1500  k.cal/mole. 


-  15  - 


3.3.2  Stage  II  Rates 


The  linear  dependence  of  X  on  time  indicates  that  the 
rate  of  monomer  consumption  during  Stage  II  is  of  the  first  order 
in  monomer  concentration.  Figure  8  shows  that  at  all  temperatures 
examined,  this  first  order  constant  is  proportional  to  the 
initiator  concentration.  From  the  gradient  in  Fig.  8  the  values 
of  the  rate  constant  k  in 

(4) 


-dU/dt  =  kCQM 


have  "been  derived, and  collected  in  Table  X,  The  Arrhenius  plot, 
Fig.  9- (upper  line)  shows  that  the  values  derived  from  Stage  II  at 
the  lQY/er  temperatures  are  consistent  with  values  derived  at  0  and 
25  ,  from  polymerizations  in  which  no  Stage  I  is  apparent. 


3.3.3  Effect  of  Perchlorate  Salt,  nBu^NClO^  =  S 

Irrespective  of  whether  it.  was  added  to  the  initiator 
or  to  the  monomer  solution,  this  salt  caused  a  depression  of  both 
the  Stage  I  conversions  and  the  Stage  II  rates. 

The  effect  on  Stage  I  conversions  was  quantitatively 
similar  to  the  effect  on  the  total  conversion  at  -97  ^Fig.  5).  4s 
illustrated  in  Fig.  10  (upper  graph)  for  -71°  and  -60  ,  an  inverse 
square  root  relationship  is  obeyed,  indi  eating  that  ^  0  as 

S  — )  oo . 


The  effect  on  Stage  II  is  quantitatively  different, 
tyuite  small  concentrations  (S-'  CQ)  of  salt  cause  marked  reductions 
in  rate  (e.g.  3-fold)  but  larger  tenses  do  not  have  corresponding 
effects.  Plots  of  k  against  S"2  (Fig.  10,  lower  graphs)  seem 


3 


L.E.  Darcy,  Thesis,  Dublin  University  1967 
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definitely  to  extrapolate  to  an  intercept  at  S  2  =  0,  i.e.  there 
appears  to  be  a  definite  limiting  value  (k^m)  below  which  the 
rate  constant  cannot  be  reduced  by  the  suppressive  action  of  the 
salt.  k/...  -v  then  represents  the  rate  constant  of  the  reaction 
caused  by  non-suppressible  species  (e.g.  ion  pairs). 

The  values  of  log  k/.. .  \  are  plotted  in  Fig.  9  and 
indicate  that  there  is  no  great  niff erence  in  the  activation  energies 
in  the  normal  and  in  the  salt-suppressed  polymerizations. 


3.3.4  Molecular  Y/eights 

Great  pains  were  taken  to  ensure  that  the  molecular 
weights  were  valid  M  ,  suitable  for  use  in  kinetic  deductions. 

Thus  special  precautions  were  taken  to  prevent  any  fractionation 
during  isolation,  and  precipitation  methods  were  not  used.  The 
samples  were  purified  by  freeze  drying  (twice  if  necessary)  from 
the  solvent,  benzene,  in  7/hich  the  VPO  measurements  were  to  be  taken. 

The  Mn  values  obtained  are  collected  in  tables  IV  -  IX. 

They  all  lie  in  a  rather  narrow  range  (1000  -  9000),  and  at  any  " 
one  temperature  may  span  almost  the  Thole  of  this  range,  according 
to  catalyst  concentration  and  extent  of  conversion  of  the  samples. 

Clear  correlations  do  not  leap  to  the  eye,  but  can  be  disentangled 
by  consideration  of  the  derived  quantity,  n  (  =  104(M  /C  ) (y/M  ) 

=  number  of  polymer  chains  formed  per  initiator  molecule)  which 
indicates  the  degree  to  which  transfer  processes  are  operating. 

The  following  qualitative  trends  can  be  seen 

(a)  at  low  temperatures  (e.g.  -71°  -60°)  Mn  are  approximately 
inversely  proportional  to  CQ  and  increase  with  conversion,  the 
characteristic  behaviour  of  a  'living  polymerization'.  The  number 
n  in  Stage  I  (2  minute)  samples  is  close  to  unity  and  increases 
slightly  with  conversion  in  Stage  II. 

(b)  T  -•  30°  to  0°.  Mn  decreases  with  conversion  and  is  only 
very  weakly  dependent  on  CQ.  n  rises  with  conversion  to  high 
values.  This  behaviour  has  previously  been  found  in  £hisoand  oik) 
related  polymerizations  in  ethylene  dichloride  at  -30  ,  0  and  25  C.  ' 


4.  M.J.  Hayes  &  D.C.  Pepper.  Proc.  Roy.  Soc.  A,  263,  58  (l96l) 
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(c)  the  perchlorate  salt  has  little  or  no  effect  on  the  Mn, 
provided  they  are  compared  at  a  given  C  and  extent  of  conversion. 

The  values  of  n  appeal'  to  be  distinctly  smaller  in  salt-containing 
systems  at  low  temperatures,  but  there  is  no  significant  difference 
at  -30  C. 

The  overall  pattern  is  most  clearly  illustrated  by  a 
plot  of  the  data  from  salt-containing  systems  in  Fig.  11,  in 
which  the  product  M^.C  is  plotted  against  the  percentage  con¬ 
version.  For  ideal  'living  polymerizations',  all  points  would  be 
on  a  single  line  K  .C  =  104  M  „Y.  It  can  be  seen  that  at  -60 

all  points  (which  include  wide  variations  in  C  andQin  salt  con¬ 
centration)  do  lie  close  to  the  ideal  line.  At  -45  thgre  are 
progressive  deviations  as  the  conversion  rises.  At  -30  ,  the 
ideal  relationship  does  not  hold  at  all,  and  at  this  temperature 
lines  corresponding  to  different  C  are  widely  separated.  Results 
frog  salt-free  polymerizations  would  be  below  the  lines  at  -60°  and 
-45  but  are  virtually  superimposed  at  -30  . 

In  salt-free  systems  at  -71°  and  -60°,  small  deviations__ 
can  be  seen  even  in  the  Stage  I  (2  minute)  samples.  Thus  plots  of  Pn 
against  Pn  (ideal)  (as  Fig.  3  at  -97  )Qgive  lines  of  slightly  lower 
slope  corresponding  to  n  =  1,1  at  -71  and  1.2  at  -60  .  These  n 
values  then  increase  during  the  subsequent  Stage  II  conversion. 

The  deviations  are  affected  not  only  by  the  Stage  II 
conversion  but  also  by  the  initial  catalyst  concentration  and  at 
the  higher  temperatures,  as  shown  in  Fig,  12 

n  =  A  +  knXI]/Co  . (5) 

v/here  k*  a  constant  increasing  with  temperature,  and  A  has 
values  close  to  unity  at  all  temperatures  -  and  can  be  identified 
with  the  small  deviation  frgm  ideal  behaviour  occurring  in  Stage  I, 

The  results  at  -60  and  -71  can  also  be  represented  by  equation 
(5)  though  the  Stage  I  conversions  attainable  at  these  temperatures, 
and  the  corresponding  n  values,  are  too  small  to  be  plotted  on 
Fig.  12. 

3.4  Ordinary  Temperatures,  0°C  and  above 

Molecular  weights  are  very  low  (li 2000)  under  all 
conditions  studied.  Values  are  listed  in  Table  IX  and  their  steep 
increase  of  n  with  conversion  has  been  described  in  the  last 
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section.  The  yields  increase  with  reaction  time  in  accordance 
with  first  order  kinetics  -  i.e.  X  is  linear  with  time  (v.  Fig.  l) 
showing  no  evidence  of  an  initial,  more  rapid,  Stage  I.  Similar 
behaviour  was  found  by  Darcy  '  at  25  C  in  polymerizations  followed 
dilatometrically.  The  derived  rate  constants  are  listed  in  Table  X, 
and  as  mentioned  in  section  3.3.2  fit  on  the  same  Arrhenius  line  as 
the  constants  of  Stage  II  rates  at  intermediate  temperatures. 


3.5  Molecular  Weight  Distributions 

_  Three  measurements  of  the  weight  average  molecular 
weight  Mw  were  made  on  Stage  I  polymers  (by  light  scattering)  and 
indicate  an  unusually  high  and  hence  broad  distribution 


Polymer 

T°C 

%  Conv. 

\ 

“A 

D  70 

-78 

48 

2920 

67,000 

23 

D-122-3 

-97 

60 

5500 

115,000 

21 

D-122-8 

-97 

6l 

5400 

85,000 

16 

This  information  is  confirmed  by  the  results  of 
viscosity  measurements.  Fig^.  13  shows  that  the  intrinsic  vis¬ 
cosity  [p  ]  relationship  to  M  for  Stage  I  samples  (open  circles) 
lies  well  above  the  established  relationship  for  sharp  fractions 
in  this  range  of  Ji^.  (ref.  5) 

]  =  1.0  x  10~5  M0,5  . . (6) 

If  equation  (6)  is_used  as  a  basis  for  the  calculation  of  the 
viscosity  average  then  M V/Mn  is  found  to  have  values  30-i»0 
for  all  Stage  I  samples. 

Another  equation,  probably  more  strictly  applicable 
to  the  present  samples,  found  by  the  same  authors  to  hold  for 
M  >50,000,  is 

[/?  ]  =  8„5  x  10  "5  M°’75  . .  (7) 


5.  Altares,  Wyman  &  Allen,  J,  Pol.Sci.  A2,  4533(1964) 


5.0  M  •  4..0 


•Fi/r.  13  Intrinsic  Vlgcoeltloa 

»l  I  ■  ■  I  n  IWWH  wm*+m  Mt 

A  000  Stage  1  samples 

000  Stage  II  ".  .  ^7 .VC 

. r6:  Stage’ll  S  -AO  C 

3  Liny  J'cr  ahi-rp  fractions. 


-  23  « 


Values  of  M  calculate!  froo  equation  (7)  give  M in  the  range 
13-18.  Neither  calculation  can  be  regarded  as  strictly  quanti¬ 
tative,  but  it  is  evident  that  the  distribution  in  Stage  I  polymers 
must  be  very  broad. 

In  Stage  II,  however,  the  distribution  becomes  pro¬ 
gressively  narrower  as  conversion  proceeds.  This  surprising  con¬ 
clusion  is  qualitatively  evident  from  Fig.  13  where  the  intrinsic 
viscosity  cf  Stage  II  samples  at  -71  and  -60  (solid  circles 
and  crosses)  is  seen  to  fall  with  conversion,  even  though  rises! 
The  intrinsic  viscosities  of  these  samples  yield  (via  equation 
(6j  which  give 

at  -71°,  M  j/m  26  falling  with  increasing  conversion  to  13 

\  XI 

-60°  24  •'  M  10 


3  ?  Triuetr.yl  Styrene/CKgCL^/HC.lO^  at  -97°  C 

Fig  it  polymerizations  of  this  monomer  have  been 
c&rn.ai  out  in  salt-free  conditions  and  si-c  in  presence  of 
rlUjrCl.’j  ,  The  reaction  system  is  more  complicated  in  that  the 
polymer  Jeparates  from  solution  at  this  temperature.  Molecular 
veigntc  are  all  very  lew  (<1^00)  and  it  is  nob  yet  known 
whether  this  is  a  true  kinetic  property  of  the  polymerization  or 
a  consequence  0-’  poiymjr  insolubility. 

Within  this  limited  3tudy,  this  monomer  behaves 
vSinllarly  to  styrene,  bat  ' ith  higher  reactivity.  Thu^  it 
shows  a  Stage  I  polymerization  of  similar  magnitude  (k  100,  of 
styrene  has  137  at  -*97°),  bit  a  subsequent  Stage  it  rate  at  -97 
a  g:i  .-a] ont  to  that  of  ctyrenr  at  -45  C.  Salt  suppresses  the 
Stage  I  c:r>v'  rsion  and  reduces  :;he  Stage  II  rate  as  in  the  styrene 
polymeri zat ion. 

3.7  a  Methyl  Styrene/CHgClg/tolO^  at  -97°C 

This  monomer  polymerizes  very  actively  at  -97 °  with 
HT'O^  cone  antratiens  ten  times  lower  than  used  for  styrene.  Very 
vaocous  solutions  are  formed,  indicating  high  molecular  weights, 
and  at  high  conversion  some  polymer  precipitation  occurs. 

Both  Stage  I  conversions  and  Stage  II  _ates  are  observed 
at  -97  .  The  effect  of  salt  has  not  yet  been  studied. 


3.8.  Dissociation  Constants  for  nBu.NciO,  in  CH0C10 
•  •  ■  4  4  <£  2 


To  evaluate  the  dissociation  constant  of  this  salt 


measurements  of  electrical  conductance  were  made  over  a  con¬ 
centration  rangg  ^1  -  JO  x  10”  g/L  in  CH-Clp,  at  5  temperatures 
in 'the  range  25  to  -75  •  Ancillary  quantities,  the  dielectric 


constant  and  viscosity  of  the  solvent  were  interpolated  from 
literature  values  and  the  magnitudes  of  the  limiting  equivalent 
conductance,  AQ,  and  the  dissociation  constant,  K,  were  cal¬ 
culated  hy  the  methods  of  Fuoss.  These  values,  and  also  "smoothed 
values  derived  from  the  linear  plot  of  log  K  -  l/P  are  collected 
in  Table  XI. 


3.9  Temperature  Rise  during  Stage  I  at 


-97°C 


The  rapidity  of  the  ’flash'  polymerization  at  -97 
and  of  Stage  I  at  other  temperatures  must  mean  that  -f  .iis  stage 
is  almost  adiabatic  and  a  transient  temperature  rise  is  to  be 
expected. 


In  reaction  mixtures  at  -97  this  temperature  rise, 
AT.  (measured  to '"'0,2  C  by  a  thermistor  probe  coupled  to  a 
Chandgs  conductivity  meter  and  recorder)  was  found  to  be  as  much 
as  11  C  at  the  highest  initiator  concentration  (~10  m.mol)  which 


produced  some  polymerization.  At  lower  C  ,  and  conversion, 

°"  -  In  all 


approximately  proportionate  values  of  AT  were  found, 
cases  the  peak  occurred  ^ 30  seconds  after  mixing. 


The  identical  time-scale  for  the  AT  in  the  different 
reactions,  and  the  knowledge  that  thermal  contacts  were  poor 
leads  to  the  belief  that  this  time-scale  is  determined  by  heat 
transfer  rather  than  by  the  heat  evolution  in  the  polymerization. 
It  is  hence  believed  that  the  bulk  of  the  Stage  I  reaction  is 
completed  in  ^30  seconds  in  all  cases. 


This  transient  temperature  rise  inevitably  intro¬ 
duces  some  ambiguity  in^o  the  assignment  of  the  observed  con¬ 
version,  and  constant  k  ,  to  the  nominal  reaction  temperature. 
However  no  great  importance  need  be  attached  to  this  question,  f 
in  view  of  the  relatively  small  temperature  dependence  of  the  k 
constant. 


3.10  Colour  and  Conductance  Observations 


In  none  of  the  conventional  experiments  described  above 
were  any  visible  colour^  developed.  Any  electrical  conductance  was 
very  small,  e.g.  at  -97  in  polymerizations  at  M  =  0.43  ^lO”0  mhos, 

~'20$  greater  than  that  expected  for  HC10,  •*  CHgClg  at  the  same 
concentration.  ' 


In  such  experiments  the  lowest  ratio  of  monomeg  to  initiator 
Mq/c  was  ~*28.  In  a  series  of  special  experiments  at  -97  >  higher  CQ 
and  lower  Mq  we  re  used  giving  MQ/C0  from  0.75  to  8.  In  all  these 
systems  a  reddish  colour  developed  on  mixing  and  the  conductance  jumped 
up  to  80  fold,  both  colour  and  conductance  then  remaining  unchanged 
over  many  minutes  at  -9/  .On  warming  thj  solutions,  the  colour  appeared 


unchanged  and  at  room  temperature  was  found  to  show  the  absorption^ 
spectrum  (peaking  at  420  n.m.)  characterised  bjr  Bertoli  and  Pleach"*' 


that  of  a  phenyl  indanyl  carbonium  ion,  formed  in  post-polymerization 


reactions.  The  formation  of  this  species  is  known  to  require  free  HC10^ 
liberated  at  the  end  of  the  polymerization  at  normal  temperatures. 


These  low  },{  /c  systems  were  warmed  from  -97  to  -70  and 
given  a  further  dose  of  monomer  to  raise  Mq  to  0.435  (5$  v/v).  A 
slow  polymerization  was  observed,  at  a  rate  corresponding  to  the 
normal  Stage  II  reaction  at  this  temperature.  The  colour  and  con¬ 
ductance  changed  in  different  ways  according  to  the  original  ratio  MQ/Co 
When  this  v/as  <  1  a  further  conductance  jump  occurred  and  the  colour 
remained  indefinitely.  When  M  /C  >2  the  conductance  declined  and  the 
colour  slowly  faded  with  a  time-scale  of  a  few  minutes,  though  the 


polymerization  could  be  followed  for  hours, 


The  chief  conclusion  must  be  that  tne  colour  and  con¬ 
ductance  are  not  to  be  associated  with  the  initiating  or  propagating 
species  in  the  polymerization,  but  arise  frcm  subsequent  reactions  of 
polymer  or  oligomer  wheft  HC10,  is  (perhaps  only  locally)  in  excess. 
The  indanyl  ion  is  cagable  or’initiating  further  monomer,  but  does 
so  only  slowly  at  -70 


5.  V.  Bertoli  &  P.H.  Plesch.  Chem.  Commun. ,  625  (1966) 
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4.  Interpretation  and  Discussion  .  . 


The  most  important  new  features  of  the  polymerization 
revealed 'by  the  foregoing  experiments  are 

I;  The  extremely  rapid  gnd  distinct  initial  stage  noticeable  at 
all  temperatures  below  -30  ,  whigh  becomes  more  important  as  the 
temperature  is  lowered  until  at  -97  it  is  the  only  observable 
reaction,  having  the  characteristics  of  a  terminated  polymerization. 

2.  The  suppressive  action  of  the  perchlorate  salt,  implying 
that  the  initial  stage  is  propagated  by  free  ions  and  the  subsequent 
stage  by  two  species,  free  ions  and  some  non-suppressible  species. 

3..  The  growth  of  Mn  with  conversion  during  Stage  II  at  low  and 
intermediate  temperatures. 

4.  The  increasing’  importance  of  transfer  reactions  above /%/  -50°C 
as  revealed. by  nXl  and  its  growth  with' conversion. 


These  features  may  be  co-ordinated  and  summarised  in 
terms  of  the  "following  kinetic  scheme,  which  must  however  be  regarded 
still  as  illustrative  rather  than  definitive.  Writing  HA.  for 
initiator,  M  for  styrene,  and  the  ion-pair  symbol  P+A”  to  denote  a 
propagating  species  unaffected  by  excess  anion: 


M  ■+  HA  ■■ 


P  +  HA  r—Z 

r  *1 r- 

tr 


•HM+  + 


k 

\U 

+  + 


HMA 

(covalent 

ester) 


+ 


The  acid-expulsion  reactions  (lower  left)  are  effectively 
transfer  reactions  and  mast  in  principle  be  also  possible  from  the 
ion-pair  speoies. 
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The  observed  pattern  of  behaviour  nay  be  expected  if 
all  equilibria  lie  towards  the  righthand  side,,  and  more  so  the 
lower  the  temperature.  Thus  at  -97  >  the  ionization  and  dis¬ 
sociation  constants  and  K„  have  negligible  values,  so  that  the 
only  observable  reaction  is  the  irreversible  movement  from  left  to 
right  and  down,  consuming  all  the  initiator  and  producing  a  limited 
yield  of  polymer  ester,  ?  A, .whose  magnitude  and  chain  length  are 
determined  by  the  ratio  o£  the  rates  of  propagation  and  termination. 

At  somewhat  higher  temperatures  where  the  ionization 
processes  arc  appreciable  but  transfer  still  negligible,  a  similar 
rapid  initial  stage  must  be  ejected  but  now  followed  by  a  slower 
polymerization.  This  reaction,  initiated  by  ionization  and  dis¬ 
sociation  of  polymer  ester,  propagated  by  both  ionic  species  and 
terminated  by  ion-recombination  should  have  a  stationary  character, 
but  because  the  termination  reactions  are  reversible,  any  terminated 
chain  can  subsequently  'revive'  and  grow  again,  so  that  the  polymer¬ 
ization  as  a  whole  is  a  ‘living*  polymerization.  The  molecular 
weight  should  therefore  grow  with  conversion. 

At  higher  temperatures  still,  when  transfer  rather  than 
termination  becomes  the  predominant  chain-stopping  reaction,  this 
'living'  character  will  be  lost,  and  the  number  of  polymer  chains 
grow  and  fall  with  conversion. 

Quantitative  interpretation'  of  the  results  will  nqt.be 
attempted  at  this  time,  because  detailed  theoretical  treatment  of 
both  Stage  I  and  Stage  I.T  encounter  ambiguities  which  have  still 
net  been  resolved, 

Xn  Stage  T;  the  time-scale  and  hence  the  rate  determining 
factor  in  the  lor. -gene  rax  ion  process  is  still  not  established.  In 
the  present  ' propel ative'  experiments,  Stage  I  is  virtually  complete 
in  <2^  (though  a  further  'creep'  was  sometimes  observed  for  up  to  15' 
at  -97  C)o  In  some  preliminary,  rather  crude,  flow  experiments, 
reaction  was  complete  in  10"  and  probably  in  <2",  The  evidence  from 
the  salt  effect  implies  that  termination  in  Stage  I  is  by  ion- 
recombinationgand  hence  extremely  fast  (possibly  diffusion  controlled 
giving  k^lO  -  Hr),  Hence  unless  the  ion  concentration  is  extremely 
low  (and  initiation  correspondingly  slow)  the  time-scale  of  Stage  I 
should  be  extremely  short. g\The  conclusion  must  be  that  the  first 
interpretation  of  Stage  I  as  a  fast-initiated  non-stationary 


,  D. C.  Pepper,  In4-.  Symposium  Hacrom^lecular  Chemistry,  Tokyo  1966 
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polymerization  (with  k^^>  k  and  kj.)  cannot  be  valid,  even  for 
an  ideal  reaction  system  witfi  instantaneous  mixing,  and  certainly 
not  for  the,  relatively  slowly-mixed  systems  examined  here.  In 
the  present  experiments  it  seems  likely  that  Stage  I  is  poorly 
defined  kinetically,  and  that  the  rate  of  ion-generation  may  be 
controlled  by  the  speed  of  mixing.  Detailed  interpretation  must 
however  be  postponed  until  results  have  been  checked  in  a  rapid  flow 
reaction  system. 

Stage  II  also  presents  difficulties  of  interpretation. 

As  tentatively  formulated  in  the  scheme,  the  rates  should  be 
described  by  the  equations  governing  the  analogous  anionic  polymer¬ 
izations  carried  by  both  free  arid  paired  ions,  with  an  added  com¬ 
plication  that  two  ionization  equilibria  arc  involved.  Thus  the 
overall  reaction  rate  constant,  k, ,  should  be  given  in  salt-free  and 
salt-containing  systems  respectively,  by 


Equation  (9)  is  borne  out  Vy  the  results  (Fig.  10)  and  the  limiting 
values  (k(lin)  as  S  — ?■  00  can  in  principle  be  identified  with  the 
product  k  K.. .  Analysis  cannot  however  proceed  further,  especially 
.  ^1  "*■ 

since  the  results  in  salt-free  systems  appear  inconsistent,  i.e. 
the  rate  constant  k  shows  no  significant  variation  7&th  CQ  as 
required  by  equation  (3), 

The  necessity  to  allow  for  t wo  propagation  constants, 
and  in  principle  also  for  two  transfer  coistants,  correspondingly 
complicates  the  quantitative  theoretical  interpretation  of  the 
molecular  weights.  In  principle  theso  can  he  formulated  in  terms 
of  the  various  kinetic  constants  by  making  use  of  the  simple  identity 

M  =  104  P  ■=  104  M/N 
n  n 

where  I|  represents  the  total  number  of  chains  sharing  monomer  and 
in  these  reactions  is  equal  to  the  number  originally  started  by  the 
initiator  (C  )  plus  the  total  formed  by  transfer  both  in  Sbage  I 
(N^.)  and  in  Stage  II  (N^).  The  argument  is  easily  developed  for 


\ 
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the  case  where  only  one  species  propagates  and  hence 


N-r 


C  .k,  1c, 

o  tr  t 


(10) 


N- 


'II 


j  ktrP*  -  -(ktA) 


M, 


JL 


a.u/u 


Hence  N 

and  Pn 

or  n 


VVlnfMj/V  =  Wll  . 

Co  *  !,I  *  :,1I  =  Co&  "  ktrA  *  ktiJ'VtH . ^ 

auAc0(l  ♦  ktrAt)  *  (ktrAp)xXI]  . (55) 

N/Co  =  (1  +  ktA^  •  *kA  XIl/»  . (u) 


I.  simple  expression  for  tho  case  v/here  two  species 
propagate  has  net  yet  been  derived.  It  is  surprising  therefore  to 
find  that  the  experimental  results  for  salt-free  systems  (section 
3.3^4)  do  fit  equation  (14)  very  well  (Pig.  12).  Theoretical  values 
of  P  at  various  conversions,  calculated  from  equation  (13)  are 
shown  on  Fig.  14.  They  represent  the  generally  observed  behaviour 
very  faithfully,  i.e.  show  how  the  dependence  of  p  with  conversion 
changes  from  the  typical  living  polymer  behaviour  pwhen  the  first 
torm  in  the  denominator  dominates  (high  CQ  or  low  k^/k  )  to  that  of 
a  typical  transfer-dominated  stationary  polymerization  \P  falling  with 
conversion)  when  C  is  low  and  k  /k.  appreciable.  It  is  hoped  that 
this  obscure  situation  may  be  clarified  by  a  more  extended  exam¬ 
ination  of  the  effect  of  salt  on  M  .  The  present  results  appear  to 
indicate  that  at  low  temperature  tRe  salt  has  only  a  small  effect  and 
that  it  raises  M  (at  a  given  conversion)  by  decreasing  the  n  values. 
The  same  effect  is  not  shown  in  the  small  number  of  results  at  higher 
temperatures  v/here  n  is  largo. 
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5.  Conclusions 


The  research  has  reached  a  stage  where  the 
behaviour  of  the  system  over  the  whole  practically  accessible 
range  of  donditions  has  been  sufficiently  characterised  so  that 
it  can  be  summed  up  in  a  few  empirical  equations.  Consequently, 
a  close  practical  control  of  the  reaction  is  now  possible,  in  that 
yields  and  molecular  weights  can  be  predicted  for  any  chosen 
conditions. 


One  specific  conclusion,  which  has  important 
practical  relevance,  is  that  it  will  certainly  not  be  possible 
to  obtain  really  high  molecular  weights  from  styrene  under  any 
conditions  with  this  catalyst.  Thus  at  temperatures  anywhere 
near  room  temperature,  the  molecular '  7/eight  s  are  severely  limited 
by  transfer.  At  much  lower  temperatures  this  limitation  is 
avoided,  but  the  controlling  factor  there  is  that  the  molecular 
weight  must  be  inversely  proportional  to  the  initiator  concentration. 
Thus  high  requires  very  low  CQ  which  makes  for  extremely  low 
rates  of  conversion, 

A  clear  insight  has  been  gained  into  the  overall 
kinetic  pattern  of  the  polymerization,  and  its  relationship  to  the 
anionic  polymerization  seems  now  clear.  The  salt-effect  has 
provided  the  first  definite  clue  to  tho  detailed  nature  of.  the 
propagating  species.  It  has  however  not  yet  been  possible. to 
formulate  a  full  kinetic  scheme  which’  is  sufficiently  explicit  „  . 
that  quantitative  derivations  of  fundamental  rate  constants  can 
be  made. 

The  future  work  necessary  for  further  clarification 
clearly  includes  studies  of  the  very  fast  initial  Stage  I  by  flow 
methods  and 'a  more  systematic  study  of.. the  effect  of  salt  on 
molecfular  weights.  Investigation  of  related  monomers  must  also 
be  extended  'to  discover  how  far  the  kinetic  behaviour  revealed 
here  for  styrene  is  generally  shared. 
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Table  II 


Effect  of  Styrene  Concentration  at  -97° C 
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Table  III 
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Table  IV 


Yields,  Mn  and  Salt  Effects  at  -77°C 
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Table  X 


Empirical  Constants  describing  Conversions, 
Rates  and  Molecular  Weights 
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(a)  Viscosity  in  centipoise,  calculated  from  Bingham  equation 

for  ^  =‘lA/>,  T°C  =  0.39806  <P  +  212.97  -  2666. 5/<t> 

(b)  Dielectric  constant,  from  J.  Phys.  Chem. ,  2413  (193®) 

i 

(c)  Limiting  equivalent  conduotanoe,  by  extrapolation  of W-  C2 

(d)  Calculated  from  Fuoss  plots  .  .  ,  .... 

(e)  ,rWalden"  product 

(f) .  Disso.oiation  constant  (braoketted  values  interpolated 

from  linear  log  -  l/F  plot) 


CM  uiiiw&Xi'U.JSU 


_ Security  Classification 


DOCUMENT  CONTROL  DATA  -  R  &  D 

- ,e,allL“ca"on  °LU,°  body  o/  abstract  and  tndcxlne  annotation  must  be  entered  when  the  overall  reoorl  la  alaa.itl.di 

..  OR10lNATINC  ACTIVITY  (Corpora, .-author)  '  - - IMPORT  SECUmW  CLA„,r,CAT^ 

University  of  Dublin 

Chemical  Laboratory,  Trinity  College  T~6houp - : - : — 

Dublin  2,  Ireland  * 


3.  REPORT  TITLE  - - - - — - -  -  '  -  * 

3  r  ^ » 

POLYMERIZATION  OF  STYRENE  BY  PERCHLORIC  ACID 


4.  DESCRIPTIVE  NOTES  (1 "ypa  o(  fpott  and  Inclualva  dm  fa)  ~~ 

Final  Technical  Report,  September  1967  -  August  1968 
b  AUTHORISI  (Flrat  name,  middle  Initial,  laet  name)  ' 

D.  C.  PEPPER 


«•  REPORT  OATE 

October  1968 


eo.  CONTRACT  OR  CRANT  NO. 

DAJA37-68-C-0080 

b.  PROJECT  NO. 

20061102B13B 

c. 

DD  Form  IL98  Accession  No.  DAOA  9L6I 


10.  DISTRIBUTION  STATEMENT 


7 a,  TOTAL  NO.  OP  PACES 
1*2 


76.  NO.  OP  REFS 
6 


1  'ORIGINATOR'S  REPORT  NUMBEROI 


ab‘  £™«2o?yP°RT  NO(*»  (Any  other  numberc  Otet  may  be  aaalfred 


Prop,  E-909 


Distribution  of  this  document  is  unlimited. 


1 1 , SUPPLEMENTARY  NOTES 


12.  SPONSORING  MILITARV  ACTIVITY 

USA  Research  &  Development  Gp  (Europe) 
APO  New  York  09757 


13.  ADSTRACT 


;kThe  report  presents  extensive  measurements  of  number-average  molecular  weights  (Ml), 
yields  and  rates  obtained  in  the  polymerization  of  styrene  by  perchloric  acid  in  ^ 
solution  in  methylene  chloride  over  the  temperature  range  of  25°C  to  -97°(H  The 
measurements  show  that  the  polymerization  changes  its  kinetic  pattern  as  the  temper¬ 
ature  is  reduced  and  that  the  £ollowing  well-defined  characteristics  can  be  recognized 
in  different  regions.  At  -97°C  a  'flash'  polymerisation  produces  only  a  definitely 
limited  yield  of  polymer,  with  1^,  corresponding  to  one  chain  per  initiator,  i.e.  no 
transfer  reactions  are  involved.  At  intermediate  temperatures,  e.g.  -78°C  to  -30°C, 
a  two-stage  reaction  occurs  in  which  Stage  I  is  similar  to  the  above.  Stage  I  is 
followed  by  Stage  II,  a  stationary  polymerization.  Above  -30°C. a  conventional  trans¬ 
fer  dominated  stationary  polymerization  is  obtained  in  which  Ifa,  decreases  with  con¬ 
version  and  is  virtually  independent  of  initiator  concentration.  An  inert  perchlor¬ 
ate  salt,  nBuLNClOH,  causes  severe  reduction  of  the  Stage  I  yields  and  partial 
reduction  of  the  Stage  II  rates,  indicating  that  free  carbonium  ions  are  the  main 
propagating  species  in  Stage  I  and  two  species  act  in  Stage  II,  (  . 


REPLACE*  DO  FORM  1471.  I  JAN  M,  WHICH  IS 
OBSOLETE  FOR  ARMY  USE. 


UNCLASSIFIED 

Security  Classification 


